1. Introduction {#sec1}
===============

Schizophrenia patients have deficits in many cognitive abilities, including the basic ability to separate important from distracting stimuli, such as distinguishing targets from nontargets. One widely-used task to examine dysfunctional target processing is the oddball task, in which infrequent target ("oddball") stimuli are embedded in a stream of frequent nontarget ("standard") stimuli. Schizophrenia patients have impairments on oddball tasks ([@bb001]; [@bb002]; [@bb003]; [@bb004]), as they do on similar tasks of target detection, including the continuous performance task ([@bb005]; [@bb006]; [@bb007]), and visual search tasks ([@bb008]). Efforts have been made to better understand the specific nature of the attentional impairment involved in this task ([@bb009]). In the current study we examined the neural networks associated with dysfunctional oddball detection in schizophrenia using converging evidence from functional magnetic resonance imaging (fMRI) and event-related potentials (ERPs).

Two separate attentional processes are involved in target detection in oddball tasks: 1) maintaining attentional readiness, and 2) detecting an infrequent change in the environment. Dorsal and ventral attentional networks have been implicated in these separate processes ([@bb0010]; [@bb0011]). The dorsal network includes activations in the inferior frontal junction (IFJ), medial intraparietal sulcus (IPS), superior parietal lobule (SPL), and middle temporal area (MT+). This network is thought to orient attention to the task in general, responding to both targets and nontargets ([@bb0011]). In contrast, the ventral network includes activations in the temporal parietal junction (TPJ), anterior insula (AI), anterior middle frontal gyrus (aMFG), bilateral anterior cingulate cortex (ACC), and supplementary motor area (SMA). This network is involved in detecting salient changes within the task ([@bb0010]), and is specifically associated with detection of targets, but not nontargets. When presented with a task-relevant stimulus the ventral network is associated with attentional allocation to that stimulus to initiate an action ([@bb0012]). Importantly, the [@bb0011] meta-analysis found the same ventral attention network activated across both auditory and visual oddball tasks.

Oddball studies yield a highly characteristic ERP, the P300, elicited by rare, cognitively-relevant (target) stimuli. The P300 is a positive deflection occurring approximately 300--600 ms after target presentation, and is largest over parietal areas. Source localization, though not as precise as fMRI, and intracranial studies have identified P300 neural generators located in several regions that partially overlap with the ventral attentional network, including the TPJ, posterior superior parietal regions, ACC, dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, and medial temporal regions ([@bb0013]; [@bb0014]; [@bb0015]; [@bb0016]; [@bb0017]; [@bb0018]). Attention has also been shown to increase amplitudes of earlier, primarily sensory components, including the visual P100 and N100 (for review, see [@bb0019]) as well as components at Pz occurring earlier than the P300 (e.g., [@bb0020]; [@bb0021]). These findings indicate that attention can enhance neural responses to targets, and thus salience detection, in early stages of processing.

There are well established fMRI ([@bb0022]; [@bb003]) and P300 ERP ([@bb0023]; [@bb001]; [@bb0014]) findings of deficits in schizophrenia on oddball tasks. Schizophrenia patients also exhibit deficits in early sensory ERP components (P100, N100) ([@bb0024]; [@bb0025]; [@bb0026]), though they are less consistent than those seen for the P300. Thus, problems in target detection could possibly arise earlier in the processing stream, leading to down-stream deficits.

Despite the deficits seen within each imaging method, the relationship between abnormal ERP components and dysfunctional fMRI activation during oddball tasks in schizophrenia patients is not established ([@bb003]). Examining this relationship between ERP and fMRI would allow us to discern which attentional network is specifically contributing to impairments in target detection. For example, fMRI alone implicates both dorsal and ventral systems in schizophrenia as abnormal in oddball tasks, but only one might be responsible for the problems in target detection.

Recent advances in computational neuroimaging have utilized a joint independent components analysis (jICA) approach to determine underlying neural structures and chronometry associated with a task by combining the temporal resolution of EEG with the spatial resolution of fMRI ([@bb0027]). One study examined EEG and fMRI in the same sample of patients using jICA, but it did not focus on P300 ([@bb0028]). No study to our knowledge has integrated visual oddball ERP and fMRI data in the same sample of patients and controls. Without such integration, we cannot know whether deficits in oddball tasks in schizophrenia are specific to the ventral or dorsal attentional networks, or whether they arise in early, primarily sensory brain regions.

The goal of the current study is to utilize fMRI and ERPs to examine whether schizophrenia is associated with a dysfunctional ventral and/or dorsal network during a visual oddball task. We hypothesized that: 1) patients will show reduced fMRI neural activation to targets relative to controls, 2) patients will show reduced ERP responses to targets relative to controls, and 3) that a joint ERP--fMRI analysis will reveal that dysfunctional P300 ERP in schizophrenia is associated with abnormalities in the ventral attention network.

2. Methods {#sec2}
==========

2.1. Participants {#sec2.1}
-----------------

EEG and fMRI data were collected from 21 schizophrenia patients and 22 healthy controls in separate sessions, with a median of 14 days between sessions. Patients were recruited from outpatient treatment clinics at the Greater Los Angeles VA (GLA) and the community. All patients were receiving second generation antipsychotic medication, mean (SD) chlorpromazine equivalent of 307 (153) mg/day ([@bb0029]). Patients met diagnostic criteria for schizophrenia based on the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID; [@bb0030]). Psychiatric symptoms were evaluated using the 24-item University of California Los Angeles (UCLA) version of the Brief Psychiatric Rating Scale (BPRS; [@bb0031]); we report total scores and means for the "positive symptom," "negative symptom," "agitation/mania," and "depression/anxiety" factors ([@bb0032]). Healthy controls were recruited through internet postings, interviewed with the SCID-I and portions of the Structured Clinical Interview for DSM-IV Axis II Disorders (SCID-II; [@bb0033]), and excluded if they had any of the following Axis II disorders: avoidant, paranoid, schizoid, or schizotypal. Additional inclusion and exclusion criteria for both groups can be seen in the Inline Supplementary Methods.

All participants had the capacity to give and provided written informed consent after all procedures were explained in accordance with procedures approved by the Institutional Review Boards at UCLA and GLA.

2.2. Procedures {#sec2.2}
---------------

### 2.2.1. fMRI task {#sec2.2.1}

Participants viewed images of two letters, X and K, that served as targets or nontargets. The target and nontarget letters were counterbalanced across subjects and recordings (i.e., EEG and fMRI). Stimuli were presented in a fast event-related design in three separate blocks using magnet-compatible goggles (Resonance Technology, Northridge, CA). Stimuli were displayed for 100 ms with an interstimulus interval that varied between 900 and 2900 ms. Participants were instructed to push a button on an MRI-compatible button box whenever they detected the target and had 3000 ms to make a response. Within each block a total of 150 stimuli were presented: 12% were targets (n = 18) and 88% were nontargets (n = 132). Null trials were interspersed throughout each block and consisted solely of a fixation point. Correct and incorrect trials were combined in the analyses.

### 2.2.2. EEG task {#sec2.2.2}

The same stimuli and parameters used in the fMRI paradigm were used for the EEG paradigm. Stimuli were presented on a 17-inch computer monitor 1 m from the participant. A total of 500 stimuli were presented: 12% were targets (n = 60) and 88% were nontargets (n = 440). Correct and incorrect trials were combined in the analyses.

### 2.2.3. fMRI analysis {#sec2.2.3}

Scanning was performed on a Siemens 3 T Trio (Erlangen, Germany) MRI scanner. Acquisition and preprocessing details can be found in the Inline Supplementary Methods. Statistical analyses were performed at the single subject level using a general linear model with fMRI Expert Analysis Tool (FEAT). Neural activity associated with targets vs. baseline was examined, within and between groups, using a whole brain approach, conducted using FSL\'s FLAME, stage 1 ([@bb0034]; [@bb0035], [@bb0036]). Activation maps were thresholded at p \< 0.01, uncorrected for multiple comparisons, with an extent threshold of 36 contiguous voxels, corresponding to a false-positive discovery rate of \<5% across the whole brain as estimated by Monte Carlo simulation (10,000 simulations) ([@bb0037]).

### 2.2.4. EEG analysis {#sec2.2.4}

EEG was acquired using a Neuroscan SynAmps^2^ amplifier (Compumedics USA, Charlotte, NC). Acquisition and preprocessing details can be found in the inline Supplementary Methods. ERP data were processed using BrainVision Analyzer 2.0 software (Brain Products, Germany). There were no significant between-group differences in the number of trials accepted for targets and nontargets ([Table 1](#t0005){ref-type="table"}). The ERPs of interest were the early, sensory P100 and N100 components, and the later cognitive P300 response. Peaks were identified in the range of 60--100 ms for P100 and between 110 and 180 ms for N100; a 10 ms average around the peak was calculated. For the P100 and N100, activity was averaged separately over left (P5, P7, PO7) and right (P6, P8, PO8) electrodes. For the P300, peak positive amplitudes between 250--600 ms were analyzed at Pz. To examine group differences for the P100 and N100, separate repeated measure analyses of variance were used with stimulus type (target vs. nontarget) and hemisphere (left vs. right) as the within subject variable and group as the between subject variable; for the P300 hemisphere was not entered as a factor. An alpha level of p = 0.05 was used. We report partial eta-squared (η~p~^2^) effect sizes.

To more completely visualize ERPs across the scalp, we computed statistical cluster plots ([@bb0038]) across all electrodes composed of between-group comparisons separately for the target and nontarget stimuli. Two-tailed t-tests were computed for each time point and each electrode from −50 to +500 ms. To partially correct for potential Type 1 errors due to the number of comparisons, analyses were restricted to an alpha level of p \< 0.01 for 10 consecutive time points (i.e., 20 ms) ([@bb0039]). The plots present significant t-values that exceeded this threshold.

### 2.2.5. Joint ERP/fMRI ICA analyses {#sec2.2.5}

To examine the attentional networks associated with the P300 we conducted a joint independent components analysis (jICA) using the Matlab-based Fusion ICA Toolbox (FIT; [@bb0027]). Joint ICA statistically combines data from multiple modalities collected from the same participants as a way to identify linked sources of activity. In this study we used jICA to examine intersubject covariation between spatial components in fMRI activation and temporal components in ERP waveforms. To provide spatial features of the oddball response, we utilized the fMRI contrast images of targets vs. implicit baseline. To provide the temporal data features, we used the ERP response to targets averaged over electrodes P5, P7, PO7, P6, P8, and PO8 to examine sensory components and at Pz to examine the cognitive component. Two separate jICAs were performed to examine the sensory and cognitive components.

Briefly, FIT first extracts features from each modality separately (i.e., EEG time-courses and fMRI spatial maps) across the combined groups (i.e., the algorithm is data-driven and initially blind to group membership), then performs between-group comparisons of these features ([@bb0028]). In this approach, each group\'s ERP and fMRI datasets are concatenated side-by-side; the sources associated with each are assumed to modulate the same way across groups and subjects within groups (i.e., equal linear covariation). Within groups, couplings between fMRI and EEG modalities were identified by components with shared loading parameters. Between groups comparisons were made based on differences of amplitude, latency and location of each data component. Each component was then tested for a significant difference between patients and controls using a two-sample t-test.

3. Results {#sec3}
==========

3.1. Demographic and clinical characteristics {#sec3.1}
---------------------------------------------

[Table 1](#t0005){ref-type="table"} lists group demographics and BPRS ratings for patients. As most patient participants were recruited from VA clinics, the sample is predominantly male. Patients were clinically stable and exhibited mild clinical symptoms. Performance (accuracy and d-prime) during the EEG and fMRI tasks can be seen in [Table 1](#t0005){ref-type="table"}.[1](#fn1){ref-type="fn"}

3.2. fMRI results {#sec3.2}
-----------------

Comparing targets to implicit baseline, significant activation was seen in both groups in several regions (see [Inline Supplementary Table S1](#t1005){ref-type="table"} and [Inline Supplementary Fig. S1](#f0035){ref-type="fig"}). For group differences in levels of activation in the target vs. implicit baseline contrast, the control \> patient contrast revealed significant differences in several brain regions corresponding to the ventral and dorsal networks. These included frontal regions (superior frontal gyrus, inferior frontal gyrus, frontal pole), parietal regions (supramarginal gyrus), ACC ([Fig. 1](#f0005){ref-type="fig"}A), as well as occipital regions (occipital pole, right LOC, precuneous) ([Fig. 1](#f0005){ref-type="fig"}B). The patient \> control contrast revealed only one small significant cluster located in midbrain.

Inline Supplementary Table S1Table S1Regions of activation, maximum z-score, and MNI coordinates for within group effects and direct group contrasts for targets vs. baseline.RegionsVoxel \#Max z-scoreMax XMax YMax ZPatientspostcentral gyrus, left143885.56-42-2446LOC, left23544.6-46-68-2paracingulate gyrus7644.69101240justapositional lobule cortex7404.66-10-844LOC, right5413.7630-6626\-\--4513.6216-70-44LOC, right1983.4826-826\-\--1553.19-380-28LOC, left1323.4530-6040posterior cingulate gyrus722.946-2230intracalcarine gryus703-14-7410posterior cingulate gyrus623102244parahippocampul gyrus472.82242-36\-\--362.9632-14-6Controlspostcentral gyrus, left157505.69-38-2646LOC, right100455.548-740paracingulate, right36755.26121038\-\--3473.26-16-56-44\-\--2833.61-2-24-44frontal pole, right2184.05-324020\-\--563.71-32-52-30Patients \> Controls\-\--492.93-12-3216Controls \> Patientsoccipital pole, left1993.7-28-922superior frontal gyrus1383.74-44836occipital pole, left1083.42-12-9232anterior cingulate gyrus882.91-21832frontal pole, right823.3546422anterior cingulate gyrus712.86-2244middle frontal gyrus663.07-32-254LOC, right633.0632-900inferior frontal gyrus, right583.24542620postcentral gyrus, right543.1260-1840LOC, right533.1338-8236precuneous512.742-5248middle frontal gyrus, right453.0228852\-\--423.2840-44-36precentral gyrus, right402.6960026supramarginal gyrus, right393.1668-3238Inline Supplementary Table S1Inline Supplementary Figure S1Fig. S1Whole brain analysis for the target vs. baseline contrast in healthy controls (red, left) and schizophrenia patients (blue, right). Reported activations were thresholded at p \< .01, uncorrected for multiple comparisons, with an extent threshold of 36 contiguous voxels, corresponding to a false-positive discovery rate of \< 5% across the whole brain.

3.3. ERP and statistical cluster plot results {#sec3.3}
---------------------------------------------

[Fig. 2](#f0010){ref-type="fig"}A shows grand average waveforms to targets and nontargets at electrode Pz and topographical maps for peak activity in response to targets for controls and patients. Grand average waveforms and topographical maps for the P100 and N100 can be found in [Inline Supplementary Fig. S2](#f0040){ref-type="fig"}. Mean peak P300 amplitudes for each group are shown in [Table 1](#t0005){ref-type="table"}; mean peak P100 and N100 amplitudes can be found online in [Inline Supplementary Table S2](#t0025){ref-type="table"}.

Inline Supplementary Figure S2Fig. S2Event-related potentials (ERPs) to for P100 and N100, pooled over electrodes P5, P7, PO7, P6, P8, and PO8, and corresponding topographical maps to target stimuli in healthy controls (left) and schizophrenia patients (right). ERP waveforms in black = target, red = nontarget.Inline Supplementary Table S2Table S2P100 and N100 ERP amplitudes to target and nontarget stimuli.Schizophrenia PatientsHealthy ControlsTargetsNontargetsTargetsNontargetsP100 Left0.88 (0.69)0.65 (0.77)0.93 (1.15)0.57 (0.46) Right1.08 (1.11)0.86 (0.89)1.13 (1.27)0.96 (0.89)N100 Left-1.90 (1.57)-1.86 (1.41)-2.15 (2.62)-1.75 (1.89) Right-2.22 (1.86)-1.92 (1.50)-2.23 (2.02)-1.84 (1.32)Inline Supplementary Table S2

### 3.3.1. Sensory components {#sec3.3.1}

For the P100 there were main effects of hemisphere (F~1,\ 41~ = 7.21, p \< 0.01, η~p~^2^ = 0.15) and stimulus type (F~1,\ 41~ = 4.15, p \< 0.05, η~p~^2^ = 0.09). There was no significant main effect of group and no significant interactions. P100 was significantly greater in the right vs. left hemisphere and was significantly greater to targets vs. nontargets. For the N100 there was only a marginally significant main effect of stimulus type (F~1,\ 41~ = 3.80, p \< 0.06, η~p~^2^ = 0.09), with larger amplitudes to targets vs. nontargets. There was no significant main effect of group and no significant interactions.

### 3.3.2. Cognitive component {#sec3.3.2}

There were significant main effects of group (F~1,\ 41~ = 8.14, p \< 0.01, η^2^ = 0.17) and stimulus type (F~1,\ 41~ = 88.71, p \< 0.001, η^2^ = 0.68) and a significant group × stimulus type interaction (F~1,\ 41~ = 15.78, p \< 0.001, η^2^ = 0.28). The interaction was due to controls having significantly greater P300 amplitudes than patients to target, but not nontarget, stimuli.

Statistical cluster plots comparing group amplitudes for target stimuli are shown in [Fig. 2](#f0010){ref-type="fig"}B. Controls had greater amplitudes to targets compared to patients in central-parietal to occipital electrodes at approximately 380--480 ms. Groups did not differ in their response to nontarget stimuli.

3.4. Joint analysis {#sec3.4}
-------------------

### 3.4.1. Sensory components {#sec3.4.1}

Results from the jICA of sensory ERPs and fMRI activity did not reveal any components that were significantly different between groups. However, one joint component, spanning the P100 and N100 responses, was identified and linked to activation primarily in the dorsal network, including the inferior frontal gyrus, inferior parietal lobule, middle temporal gyrus, and postcentral gyrus (see [Inline Supplementary Fig. S3](#f0045){ref-type="fig"} and [Inline Supplementary Table S3](#t0030){ref-type="table"}).

Inline Supplementary Figure S3Fig. S3Results from the fMRI/ERP jICA analysis for the sensory components. A) Average ERP waveforms for controls (yellow) and patients (pink) overlaid onto the temporal aspect of the identified joint component for controls (blue) and patients (green). B) 2D rendering of the spatial aspect of the joint component. Activation can be seen in inferior frontal gyrus, inferior parietal lobule, middle temporal gyrus, and postcentral gyrus, areas included in the dorsal network.Inline Supplementary Table S3Table S3Regions of joint P100-N100 ERP/fMRI activation to targets, corresponding Brodman Area, volume, and maximum z-score MNI coordinates.RegionsBrodman AreaL/R Volume (cc)Max value (x, y, z)Precentral Gyrus40.2/0.06.3 (-32, -22, 66)/-999.0 (0, 0, 0)\*\*0.1/0.03.6 (-28, -72, -12)/-999.0 (0, 0, 0)Inferior Frontal Gyrus470.2/0.14.9 (-50, 15, -6)/4.1 (53, 17, -6)Superior Frontal Gyrus6, 100.3/0.04.9 (-34, 59, 15)/-999.0 (0, 0, 0)Inferior Parietal Lobule400.0/0.3-999.0 (0, 0, 0)/4.7 (44, -50, 54)Middle Temporal Gyrus210.2/0.04.4 (-63, -4, -7)/-999.0 (0, 0, 0)Declive\*0.3/0.04.3 (-30, -65, -12)/-999.0 (0, 0, 0)Middle Frontal Gyrus\*0.1/0.14.2 (-28, 65, 13)/4.2 (38, 62, 1)Postcentral Gyrus30.1/0.04.0 (-42, -19, 54)/-999.0 (0, 0, 0)Precuneus70.0/0.1-999.0 (0, 0, 0)/4.0 (4, -72, 42)Inferior Temporal Gyrus\*0.0/0.1-999.0 (0, 0, 0)/4.0 (55, -24, -21)Fusiform Gyrus370.0/0.1-999.0 (0, 0, 0)/4.0 (42, -63, -12)Sub-Gyral\*0.0/0.1-999.0 (0, 0, 0)/3.9 (38, -63, -10)Lingual Gyrus180.0/0.1-999.0 (0, 0, 0)/3.7 (4, -86, -9)Superior Temporal Gyrus220.1/0.03.7 (-59, 6, -5)/-999.0 (0, 0, 0)Precentral Gyrus40.2/0.06.3 (-32, -22, 66)/-999.0 (0, 0, 0)Inline Supplementary Table S3

### 3.4.2. Cognitive component {#sec3.4.2}

Results from the jICA of ERPs at Pz and fMRI activity to target stimuli are presented in [Fig. 3](#f0015){ref-type="fig"}. Only one joint component showed a significant between-group difference (p \< 0.05) on the group loading parameters, suggesting a difference in the degree/magnitude of the linked fMRI-EEG brain features. [Fig. 3](#f0015){ref-type="fig"}A shows the ERP portion of the linked component, which maps onto the P300 response and is greater in controls. [Fig. 3](#f0015){ref-type="fig"}B and C shows spatial activation associated with this linked component for controls and patients, as well as overlapping activity between groups. Activation in regions corresponding to the ventral attention network, including the frontal operculum, AI, ACC, and TPJ, was observed in controls (in red). Patients (in blue) showed limited activity in these regions; minimal overlap (in green) with controls was observed. Areas of overlapping activation were seen mainly in motor cortex, i.e., pre- and postcentral gyri. Talairach coordinates of activations associated with this component for both groups are shown in [Table 2](#t0010){ref-type="table"}. None of the other seven identified joint components differed significantly between groups and none included the ventral network.

In post-hoc analyses we explored the relationship between the joint component, BPRS ratings, performance (d′), and antipsychotic chlorpromazine equivalents. There was a significant negative correlation between the joint component and ratings of unusual thought content, (Spearman\'s rho = −0.45, p \< 0.05), indicating higher levels of unusual thought content were associated with lower joint activation levels. No other significant correlations were found with BPRS items or factors. In patients, the joint component was not significantly correlated with d′ for EEG or fMRI (Spearman\'s rho = 0.26 and 0.38, respectively, p\'s \> 0.11). In controls, the joint component was significantly correlated with d′ for EEG (Spearman\'s rho = 0.47, p \< 0.04), but not for fMRI (Spearman\'s rho = 0.27, p \< 0.26). However, given that performance was at or near ceiling in a majority of the controls the significant correlation should be interpreted with caution. There was no significant relationship between chlorpromazine equivalent and the joint component (Spearman\'s rho = −0.36, p \< 0.19).

4. Discussion {#sec4}
=============

The current study used a multimodal imaging approach to examine the association between the ventral and dorsal attentional networks and target detection in schizophrenia using an oddball task, yielding several findings. First, fMRI revealed that both groups activated regions associated within the dorsal and ventral attention networks, with group differences evident in both, including frontal, parietal, and occipital regions. Second, ERP indicated that patients exhibited reduced P300 responses to targets in comparison to controls, but the groups did not differ in ERPs to nontargets. Furthermore, while attention enhanced the P100 and N100, there were no between-group differences in these early sensory components. Finally, joint activation in the P300 ERP and fMRI using an ICA approach demonstrated that target detection was associated with activation specific to the ventral attention network, and this joint ERP--fMRI component was significantly smaller in schizophrenia patients vs. healthy controls. Taken together, schizophrenia patients exhibited neural deficits in target detection that are reflected in reduced P300 and associated with dysfunction in the ventral attentional network.

The joint spatiotemporal analysis revealed notable findings that were not discernible when analyzing the ERP and fMRI results separately. Based on results from fMRI alone it was difficult to determine which attentional process (i.e., orienting to salient stimuli in the environment versus sustaining general attention to the task) was dysfunctional during target detection because both ventral and dorsal networks were activated. By combining the spatial advantages of fMRI with the temporal advantages of ERPs, we determined that the ventral network specifically was associated with the P300 response. The jICA results revealed that this component showed activation in the frontal operculum, AI, ACC, and TPJ, which correspond to regions in the ventral attention network ([@bb0011]), in which patients exhibited a significant decrease in magnitude and amplitude. In contrast, deficits were not seen in patients in early sensory ERP components nor in the linked ERP/fMRI component. These findings suggest that 1) dysfunction specific to the ventral attention network serves as a neural substrate for impaired target detection in schizophrenia; and 2) early sensory processing of the targets was associated with processing in the dorsal network and, importantly, was not dysfunctional in the patients with schizophrenia. Given that our method focused on visual target detection in an oddball task, it remains to be seen whether a similar pattern of results is present when using other visual task paradigms or other sensory modalities. However, based on the results in the [@bb0011] meta-analysis that the ventral network is activated using both auditory and visual oddball paradigms, it is plausible that such a general deficit could occur.

Target detection during an oddball task has traditionally been thought to assess several different but related constructs, including allocation of attentional resources, updating of working memory, and salience ([@bb0040]; [@bb0041]; [@bb0042]; [@bb0043]). The main regions of patient--control differences we found in the joint analysis during oddball detection, including ACC, AI, and TPJ, have been associated with target detection based on salience. The ACC has been associated with action selection and execution, as well as adaptive actions in response to salient signals ([@bb0044]). The AI has been shown to be involved with evaluating motivational and emotional salience and serves as an intermediary between processing of external information and internal cognitive-motivational states ([@bb0045]). The ACC and AI have shown to be functionally connected during various tasks that involve orienting to and processing salient emotional, social, and cognitive stimuli ([@bb0044]). Finally, the TPJ has also been associated with salience detection, as well as pain and stimulus-driven attention ([@bb0046]; [@bb0047]). These three key regions have been associated with the so-called "salience network." The ventral attentional network and the salience network are closely related, and may, in fact, comprise a single network ([@bb0047]).

Interestingly, it has been proposed that dysfunction in the salience network may be a key part of the pathophysiology of schizophrenia, resulting in the incorrect assigning of salience to irrelevant internal or external signals that then lead to the formation of a primary delusion ([@bb0012]). For example, reduced volumes in the ACC and AI in schizophrenia have been associated with worse delusions and hallucinations ([@bb0048]), and a meta-analysis of fMRI and positron emission tomography studies also implicated insular dysfunction in patients with active auditory hallucinations ([@bb0049]). Post-hoc analyses indicated that the magnitude of the joint component was significantly negatively correlated with unusual thought content (i.e., delusions). This finding, though not able to withstand corrections for multiple tests, is consistent with the hypothesis that salience network dysfunction is associated with positive symptoms in schizophrenia.

The only other oddball study using jICA on fMRI and ERP in schizophrenia ([@bb0028]) used auditory stimuli. That study found a deficit in schizophrenia in the joint component between the auditory N2 ERP and bilateral fronto-temporal fMRI activation (including superior frontal gyrus, superior temporal gyrus, middle temporal and frontal gyri, inferior frontal gyrus, and precentral gyrus). The second largest group difference was associated with the P300 joint component; however, the difference did not reach significance and they did not report the associated spatial network. Differences in patient and control samples and methods (i.e., auditory vs. visual stimuli) between that paper and the current paper may explain the different findings. It remains to be seen whether abnormalities in the ventral attention network in schizophrenia appear across visual and auditory modalities, as well as across various attentional tasks.

Some limitations of the study should be mentioned. First, all patients were taking antipsychotic medication at the time of testing which may have affected the results. However, it has been reported that P300 ([@bb0014]) and oddball fMRI activation ([@bb0050]) may improve on antipsychotic medication. In the current study, chlorpromazine equivalents were not significantly associated with performance, the P300 or the joint component, thus making any potential effect of medication on the findings unlikely. Second, EEG and fMRI recordings occurred in separate sessions, though attempts were made to keep the time between recording sessions brief. Changes in symptoms could have occurred and affected the results; however, the sample was clinically stable. Third, jICA was restricted to a limited subset of electrodes, failing to take into account the full amount of temporo-spatial information contained in the high-density ERP data, which is an acknowledged limitation of the FIT program. However, electrodes were chosen that best represent the components of interest. Finally, our choice of using an implicit baseline rather than non-targets as the main contrast to targets is a potential limitation. While a target vs. nontarget contrast would be the ideal method to separate out neural activity generated specifically by targets as opposed to objects in general (i.e., both targets and nontargets), this contrast was not easily interpretable. There were wide-spread differences in activation observed in both groups (though no significant between group effects), most likely due to deactivation associated with the frequent, repetitive nontargets presented. Despite these limitations the results of the current study add valuable information to understanding spatio-temporal neural dynamics of target detection in schizophrenia.

In summary, the current study replicates and extends prior research on visual target detection in schizophrenia. The findings with the joint use of ERP and fMRI suggest that deficits in an oddball task in schizophrenia are associated with dysfunction specifically in the ventral attention network. This joint approach revealed the nature of deficits that were not discernable by either imaging methodology alone, highlighting the utility of a multimodal approach to understand attentional network deficits in schizophrenia by combining fMRI with ERP.
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The response window to targets (3000 ms) overlapped with the onset of non-targets. This could potentially result in a response to a non-target being registered as a response to the target. When limiting RTs to ≤1000 ms (i.e., the RT that could potentially overlap with the 1 s ITI) there was no appreciable change in accuracy rates, with the modal and median difference between the limited vs. full data set being zero. Furthermore, when examining RTs to targets for each of the three ITIs (1, 2 or 3 s) separately, only two participants had a maximum RT slower than 1000 ms for the 1 s ITI, and no participants had a slower RT than 2000 ms for either the 2 or 3 s ITI. These analyses reassure us that, while a couple of responses might have been slower or potentially in response to the distractor after a target, the vast majority of participants were responding faster than 1000 ms and responding almost exclusively to the target.

Supplementary data to this article can be found online at [http://dx.doi.org/10.1016/j.nicl.2015.07.004](10.1016/j.nicl.2015.07.004){#ir0080}.

![Brain regions showing greater activity to target stimuli in healthy controls compared with schizophrenia patients. A) Crosshairs corresponding to anterior cingulate cortex on coordinates shown. B) Crosshairs corresponding to right lateral occipital cortex on coordinates shown. Reported activations were thresholded at p \< .01, uncorrected for multiple comparisons, with an extent threshold of 36 contiguous voxels, corresponding to a false-positive discovery rate of \<5% across the whole brain.](gr1){#f0005}

![A) Event-related potentials (ERPs) at electrode Pz and corresponding topographical maps in healthy controls (left) and schizophrenia patients (right). ERPs waveforms in black = target, red = nontarget. B) Statistical cluster plot depicting running t-tests comparing ERP amplitudes to targets in the healthy control group vs. schizophrenia patient group. Significant effects exceeding an alpha level of 0.01, lasting for a minimum of 20 ms (10 data points at 500 Hz), are shown. The color bar depicts the direction of the difference, with green colors representing no significant difference. Time, plotted on the x-axis, between −50 to +500 ms is shown. The y-axis depicts regions of electrodes, moving from frontal (F) electrodes at the bottom of the axis to frontocentral (FC), central (C), central-parietal (CP), parietal (P), parietal-occipital (PO), and occipital (O) at the top of the axis.](gr2){#f0010}

![Results from the fMRI/ERP jICA analysis at electrode Pz, showing the joint component with a significantly different loading parameter (p \< 0.05) for controls vs. patients. A) Average ERP waveforms for controls (yellow) and patients (pink) overlaid onto the temporal aspect of the identified joint component for controls (blue) and patients (green). B) 2D rendering of the spatial aspect of the joint component for controls (red), patients (blue), and areas of group overlap (green). Crosshairs centered on left insula on MNI coordinates as shown. C) 3D rendering of the spatial component. Arrows point to activation in anterior cingulate cortex (ACC), anterior insula (AI), and temporo-parietal junction (TPJ) and motor cortex.](gr3){#f0015}

###### 

Demographic information, symptom ratings, and oddball task behavioral and ERP results.

  ------------------------------------------------------------------------------------------------------------------
                                                      Schizophrenia patients\   Healthy controls\            
                                                      (n = 21)                  (n = 22)                     
  --------------------------------------------------- ------------------------- ------------------- -------- -------
   Age                                                46.2                      10.9                41.5     7.7

   Education[\*](#nstbl1.1){ref-type="table-fn"}      12.6                      1.1                 14.4     1.8

   Parental education                                 13.7                      3.3                 14.2     3.0

   Male:female                                        19:2                      −                   19:3     −

  BPRS                                                                                                       

  Total score                                         40.1                      7.6                          

  Factors (mean score per item)                                                                              

   Positive symptoms                                  1.8                       0.6                          

   Negative symptoms                                  1.6                       0.8                          

   Depression/anxiety                                 1.8                       0.6                          

   Agitation/mania                                    1.3                       0.3                          

  Behavioral performance                                                                                     

   EEG accuracy (% out of 60)                         84.6                      28.1                96.3     5.5

   fMRI accuracy (% out of 54)                        84.9                      19.4                93.7     9.8

   EEG d-prime[\*](#nstbl1.1){ref-type="table-fn"}    3.97                      1.40                4.79     0.62

   fMRI d-prime[\*](#nstbl1.1){ref-type="table-fn"}   3.71\                     0.97\               4.44\    0.78\

  Number EEG trials accepted                                                                                 

   Targets                                            53.8                      8.5                 51.5     12.4

   Nontargets                                         390.7\                    63.5\               375.3\   93.4\

  P300 amplitude (µV)                                                                                        

   Targets[\*](#nstbl1.1){ref-type="table-fn"}        2.36                      1.34                4.40     2.37

   Nontargets                                         1.27                      1.20                1.71     0.95
  ------------------------------------------------------------------------------------------------------------------

p \< 0.05 difference between groups.

###### 

Regions of joint P300 ERP/fMRI activation to targets, corresponding Brodman area, volume, and maximum z-score MNI coordinates.

  Regions                    Brodman area     Volume (cc)   Max value (x, y, z)
  -------------------------- ---------------- ------------- ----------------------------------------
  Patients                                                  
  Postcentral gyrus          3, 40            0.5/0.1       5.6 (−30, −28, 66)/3.7 (55, −17, 14)
  Superior temporal gyrus    22               0.1/0.0       4.7 (−53, 11, −6)/−999.0 (0, 0, 0)
  Sub-gyral                  \*               0.0/0.2       −999.0 (0, 0, 0)/4.6 (42, −65, −10)
  Fusiform gyrus             37               0.2/0.4       4.4 (−38, −53, −18)/3.9 (38, −53, −14)
  Precentral gyrus           4                0.3/0.0       4.4 (−57, −17, 41)/−999.0 (0, 0, 0)
  Medial frontal gyrus       6                0.1/0.0       4.2 (−4, −3, 55)/−999.0 (0, 0, 0)
  Inferior frontal gyrus     \*               0.1/0.0       4.1 (−53, 15, −6)/−999.0 (0, 0, 0)
  Culmen                     \*               0.1/0.0       4.0 (−34, −51, −16)/−999.0 (0, 0, 0)
  Superior frontal gyrus     6                0.0/0.1       −999.0 (0, 0, 0)/3.8 (6, 1, 66)
  Middle occipital gyrus     \*               0.0/0.1       −999.0 (0, 0, 0)/3.6 (42, −68, −8)
                                                            
  Controls                                                  
  Rectal gyrus               11               0.2/0.0       4.9 (−2, 18, −19)/−999.0 (0, 0, 0)
  Postcentral gyrus          1, 2, 3, 4, 40   3.0/1.3       4.9 (−57, −19, 41)/3.8 (57, −28, 18)
  Precentral gyrus           4, 6, 44         2.1/0.1       4.4 (−57, −18, 38)/2.8 (63, −14, 38)
  Inferior parietal lobule   40               0.5/1.2       3.1 (−59, −34, 22)/4.0 (67, −28, 24)
  Cingulate gyrus            24, 32           2.0/1.2       3.9 (−4, 8, 36)/3.5 (4, 4, 40)
  Medial frontal gyrus       6, 32            0.5/0.4       3.9 (0, −1, 50)/3.5 (4, 1, 53)
  Inferior frontal gyrus     44, 45, 47       0.1/1.2       2.3 (−36, 23, 3)/3.8 (34, 25, 1)
  Paracentral lobule         31               0.3/0.0       3.7 (−4, −11, 43)/−999.0 (0, 0, 0)
  Precuneus                  7                0.1/0.8       2.7 (−6, −70, 39)/3.6 (12, −70, 46)
  Posterior cingulate        23, 30           0.1/0.1       2.8 (−4, −65, 12)/3.4 (2, −61, 14)
  Insula                     13, 40           0.8/1.0       3.1 (−32, 23, 3)/3.4 (34, 21, 3)
  Cuneus                     \*               0.1/0.0       3.3 (−2, −66, 9)/−999.0 (0, 0, 0)
  Middle temporal gyrus      37, 39           0.3/0.0       3.0 (−48, −66, 7)/−999.0 (0, 0, 0)
  Extra-nuclear              47               0.0/0.1       −999.0 (0, 0, 0)/3.0 (36, 21, −1)
  Superior temporal gyrus    22, 38, 41, 42   0.6/1.1       3.0 (−53, −59, 16)/3.0 (67, −32, 18)
  Superior frontal gyrus     6                0.1/0.0       3.0 (−10, 11, 64)/−999.0 (0, 0, 0)
